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Everythingshouldbeassimpleasitcanbe,butnotsimpler.—Attributed to Albert Einstein (1)
ABSTRACT Reactiveoxygenspecies(ROS)areproducedbyhostphagocytesandexertantimicrobialactionsagainstabroadrange
ofpathogens.TheobservableantimicrobialactionsofROSarehighlydependentonexperimentalconditions.Thisperspective
reviewsrecentcontroversiesregardingROSin Salmonella-phagocyteinteractionsandattemptstoreconcileconﬂictingobserva-
tionsfromdifferentlaboratories.
IMPORTANCE OF ROS IN HOST DEFENSE
In1932,theuptakeofMicrococcusbycanineleukocyteswasfound
toresultinaburstofoxygenconsumption(2).Thisphenomenon
waslaterrediscovered(3,4)andlinkedtotheformationofhydro-
genperoxide(5),suggestingapossibleroleinmicrobialkillingby
phagocytes (6, 7), as hydrogen peroxide was known to exhibit
antimicrobial activity. The NADPH-dependent NOX2 phagocyte
oxidasecomplexresponsibleforthegenerationofreactiveoxygen
species(ROS)isnowwellcharacterized(8).Theenhancedsuscep-
tibility to infection of individuals with inherited deﬁciencies of
speciﬁc NOX2 components, a condition known as chronic gran-
ulomatous disease (CGD), has unequivocally demonstrated the
importance of ROS production in host defense (9). Important
opportunistic pathogens in CGD include Salmonella enterica,
Staphylococcus aureus, Serratia marcescens, and Aspergillus spp.
(10,11).MousemodelswithtargeteddisruptionofNOX2exhibit
impairedhostresistancecomparabletothatofhumanswithCGD
(12).However,themechanismsbywhichphagocyte-derivedROS
kill microbes and by which pathogens resist ROS-dependent an-
timicrobial actions remain controversial. This perspective will
provideabriefoverviewofROS-dependentantimicrobialactions,
critically assess selected recent publications concerning ROS and
Salmonella, and attempt to reconcile conﬂicting observations.
INTERCONVERSION OF ROS
The product of NOX2 is superoxide radical (O2·), which can
undergospontaneousorenzymaticdismutationtohydrogenper-
oxide (H2O2). The cytotoxic potential of H2O2 results to a large
extent from its ability to oxidize ferrous iron (II), in what is re-
ferred to as Fenton chemistry (13), to form highly reactive hy-
droxylradicals(OH·).O2·andH2O2exhibitsynergisticcytotox-
icities,suggestedbyHaberandWeisstoresultfromthereduction
offerriciron(III)byO2·(14),butstudiesofEscherichiacolihave
demonstratedanalternativemechanism,themobilizationofiron
from iron-sulfur clusters by O2· (15, 16), thereby increasing the
availabilityoffreeirontoparticipateinFenton-mediateddamage.
H2O2 itself can also mobilize iron from iron-sulfur clusters (17).
In neutrophils, myeloperoxidase (MPO) catalyzes the formation
of hypochlorous acid (HOCl) from H2O2 and chloride ion. Al-
though HOCl dramatically enhances the microbicidal activity of
H2O2,MPOappearstobenonessentialforhostdefense,asMPO-
deﬁcient individuals do not have a high frequency of infections,
with the exception of an increased susceptibility to Candida spp.
(18, 19).
PHAGOSOMAL ROS CONCENTRATIONS
Duringtherespiratoryburst,professionalphagocytescanconvert
3 to 4 nmol of oxygen to ROS per 106 cells each minute (20).
However, much of the generated H2O2 is released from the cell
(21), as H2O2 diffuses freely across membranes. Attempts to
model steady-state ROS concentrations within the neutrophil
phagosome have estimated concentrations of O2· to be 25 M,
withH2O2concentrationsinthelowmicromolarrange,butlevels
rise to 100 MO 2· and 30 MH 2O2 if MPO is absent (22).
These values are somewhat lower than the extracellular concen-
trations of H2O2 required for observable antimicrobial actions in
vitro, although intracellular concentrations as low as 1 M are
toxic for E. coli (17). The higher H2O2 concentrations required in
order to demonstrate antimicrobial actions in experimental sys-
tems are largely an artifact of the rapid degradation of H2O2 by
concentratedcellsuspensions,whichdoesnotoccurwhenasingle
bacterium is situated within a phagosome. Moreover, it is likely
that bacteria located close to the source of ROS generation expe-
rience considerable oxidative stress out of proportion to that
caused by steady-state H2O2 concentrations. Recent studies of
Moraxella catarrhalis indicate that high levels of ﬂux through a
truncated denitriﬁcation pathway result in nitric oxide (NO·)-
dependentproteinmodiﬁcationandsubstantialcytotoxicityeven
though steady-state NO· levels remain so low that they are unde-
tectable with a sensitive electrode (23). By analogy, exposure to a
constant ROS ﬂux generated in close proximity should not be
consideredequivalenttotreatmentwithabolusadministrationof
H2O2 in a test tube.
INTERACTION OF ROS WITH OTHER HOST DEFENSES
The challenge of analyzing ROS-dependent antimicrobial actions
in tissue culture or animal models is increased by potential ROS
interactions with other mediators. The reaction of O2· and NO·
can generate the cytotoxic peroxynitrite (OONO) anion (24),
andNO·canalsopotentiatetheantimicrobialactionsofH2O2(25,
26).ROSappeartointeractsynergisticallywithcertainneutrophil
proteases (27), although a paper providing some of the evidence
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inabilitytoreproducetheoriginalﬁndings(28).Theinvolvement
of ROS and NOX2 in signal transduction, phagocyte activation,
andtheregulationofautophagymustalsobeconsidered(29,30).
MICROBIAL ROS TARGETS
One of the most important cellular targets of ROS is DNA (31).
Base oxidation, particularly guanine, may be mutagenic (17), and
blocking lesions or strand breaks may be lethal unless they are
repaired (32, 33). As previously mentioned, iron-sulfur cluster-
containing proteins are also vulnerable to ROS damage (34) and
may substantially restrict metabolic pathways even if the damage
is not microbicidal. The presence of SOD in the periplasm has
suggested the existence of extracytoplasmic O2· targets (17), al-
though these are as yet unidentiﬁed.
MICROBIAL ROS DEFENSES
AnumberofenzymescantransformROSintolesstoxicproducts.
Amongthemostimportantofthesearecatalases,peroxiredoxins,
and superoxide dismutases (SODs). Salmonella enterica carries
three catalases (KatE, KatG, KatN), three peroxiredoxins (AhpC,
TsaA,Tpx),andfourSODs(SodA,SodB,SodCI,SodCII)(35–41).
Catalases and peroxiredoxins are scavengers of H2O2, and super-
oxide dismutases are scavengers of O2·. Although SODs create
0.5molofH2O2permolofO2·,SODsmayactuallyreduceover-
all H2O2 levels by preventing the reaction of O2· with other re-
ductants (42); SOD may also prevent cytotoxic interactions of
O2· and NO· (43). The redundancy of antioxidant enzymes is
more apparent than real. Several of these enzymes differ with re-
gardtocofactors,regulation,stability,orcellularcompartmental-
ization, and some mutants lacking individual antioxidant en-
zymes exhibit enhanced ROS susceptibility. As intracellular free
iron is limiting for Fenton chemistry, mechanisms to sequester
iron or control its uptake are important determinants of ROS
susceptibility (44). The importance of DNA as a microbicidal tar-
get is underscored by the existence of a protein called Dps, which
simultaneously sequesters iron to prevent its interaction with
H2O2andphysicallyprotectsDNA(44–46).Dps-deﬁcientmutant
bacteria are highly susceptible to killing by H2O2 and attenuated
for virulence in macrophages and mice (44, 45). In addition, a
plethora of repair enzymes can reverse oxidative DNA lesions
(17).
A unique mechanism of ROS evasion has been described in
Salmonella. The type III secretory system (T3SS) encoded by Sal-
monella pathogenicity island 2 (SPI2) is expressed within the
phagosome, translocates effector proteins into the host cell cyto-
sol, and interferes with the localization of a functional NOX2
complex in Salmonella-containing vacuoles (47–49). Moreover,
the SPI2-encoded T3SS reduces the colocalization of intracellular
Salmonella and H2O2, detected as cerium perhydroxide precipi-
tate by transmission electron microscopy (49), and enhances Sal-
monella survival in activated primary peritoneal macrophages
fromC57BL/6micebutnotintheirNOX2-deﬁcientcounterparts
(49) or in macrophages deﬁcient in the tumor necrosis factor p55
orSLAMF1receptorsrequiredfortherecruitmentofactiveNOX2
tothephagosome(48,50).Thecolocalizationofintraphagosomal
Salmonella and nitrotyrosine, indicative of peroxynitrite forma-
tionfromO2·andNO·,hasalsobeenreportedtobeabrogatedby
SPI2 (51). Casbon et al. observed NOX2 within Rab11-positive
recycling endosomes (52), and it has been suggested by those au-
thors that Rab11 may participate in SPI2-dependent depletion of
NOX2 from the Salmonella-containing vacuole, as described for
CD44 (53).
VARIABLES AFFECTING ROS SUSCEPTIBILITY
A number of experimental variables have a signiﬁcant impact on
in vitro ROS-dependent antimicrobial actions; these include ROS
concentration, bacterial cell density, growth phase, metabolic ac-
tivity, and the mode of ROS generation. H2O2 exhibits bacterio-
static actions at low concentrations and bactericidal actions at
higherconcentrations(54).DNAdamageplaysanimportantrole
in E. coli at micromolar concentrations, with additional targets
involvedinkillingbyhigherH2O2concentrations(55).ROScon-
centration must be evaluated in concert with cell density. At high
cell densities and high H2O2 concentrations, catalase is of critical
importanceinSalmonellaresistancetokilling,butatlowcellden-
sities and low H2O2 concentrations, DNA repair is essential,
whereascatalaseappearstobedispensable(36).Theexpressionof
antioxidant defense mechanisms, such as Dps, is growth phase
dependent, such that logarithmic and stationary-phase bacteria
exhibit very different levels of ROS susceptibility (56). Reduced
levels of respiration enhance susceptibility to H2O2-mediated
DNA damage during logarithmic phase by increasing NADH ac-
cumulation,resultinginthereductionofﬂavinsandfreeiron(26,
31), while the inhibition of respiration is protective against H2O2
instationaryphase(57).Exogenousoxidativestresscanbecreated
bythesimpleadditionofH2O2,chemicallygeneratedbytheauto-
oxidation of pyrogallol, or enzymatically generated by the xan-
thine oxidase/hypoxanthine system, but none of these methods
can be said to precisely reproduce the stress induced by the sus-
tainedproductionofO2·andtheresultingROSﬂuxgeneratedby
NOX2 within an intracellular compartment.
Experimental variables also have a substantial effect on the
antimicrobialactionsofROSinculturedcellsandanimalmodels,
and these include timing, cell type, method of cellular activation,
mode of cell entry, mouse strain, route of administration, and
inoculum size. Timing is among the most important variables, as
the respiratory burst is activated early and subsequently sup-
plantedbyotherantimicrobialeffectorsystems(58,59).Duringin
vivoinfection,thenatureofinﬂammatorycellpopulationsevolves
over time (60), and even cells of related lineages exhibit different
levelsofROSproductiondependingontheirtissueoforigin,with
peritoneal macrophages producing greater quantities of ROS in
response to standard stimuli than splenic or bone marrow mac-
rophages (61, 62). Various agents may be used to prime or stim-
ulate ROS release. Phorbol myristate acetate (PMA) triggers the
phosphorylation and translocation of the p47phox component of
NOX2 from the cytosol to the plasma membrane and is com-
monlyemployedtoinducephagocyteROSproduction.However,
the plasma membrane localization of NOX2 in response to PMA
differs from the phagosomal NOX2 localization observed after
phagocytosis (49, 63), with likely functional consequences. Op-
sonizationofbacteriapriortophagocytosisaugmentstherespira-
tory burst, with both antibody and complement playing a role
(64).Phagocytesfromdifferentstrainsofinbredmiceexhibitvar-
ious levels of ROS production upon stimulation, and one deter-
minant is the presence of a functional Nramp1 (Slc11a1) locus,
which inﬂuences innate susceptibility to intracellular pathogens,
including Salmonella, Mycobacterium, and Leishmania spp. (65).
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the host cell populations initially encountered by microbes (60).
HOW DO HOST-DERIVED ROS DAMAGE BACTERIA?
Inthislight,recentnewclaimsregardingROSandSalmonellacan
be critically examined. Previous studies suggested that only
periplasmic SodC among the antioxidant enzymes of Salmonella
plays a speciﬁc role in virulence (36, 37, 43). Hébrard et al. revis-
ited the role of antioxidant enzymes in Salmonella virulence and
reportedthatamutantstrainlackingallthreecatalasesandtwoof
the putative peroxiredoxins (HpxF) is attenuated for growth in
macrophages and virulence in mice (38). Those authors con-
cluded that cytoplasmic antioxidant enzymes contribute to Sal-
monella virulence. It should be noted that Hébrard et al. actually
conﬁrmed earlier reports that catalases and the AhpC peroxire-
doxin are individually dispensable for Salmonella virulence (36,
66). Reduced virulence was observed only in an HpxF mutant
lackingacombinationofﬁveantioxidantenzymes.However,this
strain was also severely defective for aerobic growth in minimal
mediumandinmacrophagestreatedwithaNOX2inhibitor,soit
isdifﬁculttoattributethevirulencedefectofanHpxFmutantto
a speciﬁc role of the cytoplasmic enzymes in detoxifying
phagocyte-derived ROS.
A study by Craig and Slauch took a different experimental ap-
proach, employing mixed murine infections with various Salmo-
nella mutant strains to determine the contribution of speciﬁc ge-
netic loci to virulence (67). The studies were performed with
BALB/c mice that lack a functional Nramp1 locus and are exqui-
sitely susceptible to Salmonella (intraperitoneal 50% lethal dose
[LD50]  10 CFU) (68). Craig and Slauch did not investigate
catalases or peroxiredoxins but rather evaluated the contribution
of the SodCI periplasmic superoxide dismutase in Salmonella
strainbackgroundsdeﬁcientincytoplasmicsuperoxidedismutase
activityorDNArepair.TheyconcludedthatsinceSodCIdoesnot
exhibit synthetic effects on the in vivo competitive index with cy-
toplasmic SOD or DNA repair, the antimicrobial effects of host-
derived ROS are the result primarily of damage to an extracyto-
plasmic target, rather than to DNA. Of note, the authors reported
a 5- to 8-fold attenuating effect of a sodCI mutation in wild-type
Salmonella but a 32-fold effect in a recA mutant deﬁcient in re-
combinational DNA repair. This might be interpreted to indicate
that periplasmic SOD protects Salmonella from DNA damage re-
pairedbyRecAandisconsistentwithotherstudiesindicatingthat
DNA is a major target of ROS (55). Craig and Slauch rejected this
interpretation because SodCI had only a 5-fold effect in a ruvAB
mutant that lacks the RuvAB resolvase, which is also involved in
recombination. However, mutations in recA and ruvAB are not
equivalent. For instance, RecA is essential for repair of double-
strand breaks, whereas RuvAB can be functionally replaced by
RecG(69).AdditionalobservationssuggestthatDNAisanimpor-
tant target of phagocyte-derived ROS. Periplasmic SodC deﬁ-
ciency potentiates H2O2 killing of mutant Salmonella lacking the
DNA-protective protein Dps (70). DNA repair-deﬁcient Salmo-
nella strains are sensitive to killing by ROS-producing macro-
phages, and this is dependent on ROS production (71, 72). Fur-
thermore, recombinational DNA repair is essential for the ability
of Salmonella to withstand ROS at low cell densities, resist killing
by ROS-producing macrophages, and cause lethal systemic infec-
tion in NOX2-producing mice (36, 73). Mutant Salmonella lack-
ing the Fpg enzyme responsible for removal of oxidized guanine
and formamidopyrimidine residues exhibits an enhanced muta-
tion rate during murine infection despite the inhibition of nitric
oxide synthesis (74), suggesting that ROS production by the host
during infection is sufﬁcient to damage bacterial DNA. Lastly, it
should be noted that fur mutant and ferritin-deﬁcient Salmonella
strains with elevated intracellular free-iron levels exhibit attenu-
ated virulence in mice, which suggests that cytoplasmic Fenton
chemistry is an important determinant of susceptibility to host
defenses (44).
DOES THE SPI2 T3SS PROTECT SALMONELLA FROM NOX2?
Most recently, Aussel et al. utilized a green ﬂuorescent protein
(GFP) transcriptional fusion to the Salmonella ahpC peroxire-
doxin gene as a biosensor of oxidative stress experienced by Sal-
monella during infection (75). Those authors observed that ahpC
expression was dependent on host ROS production and the pres-
ence of catalases and peroxiredoxins but not the expression of the
SPI2 T3SS. That study, supported by an accompanying commen-
tary by Slauch (76), concluded that the contribution of SPI2 to
Salmonella pathogenesis is unrelated to an interaction with
NOX2. In addition, Aussel et al. cited a recent study by Helaine et
al.whichindicatedthatSPI2promotesbacterialreplicationrather
than resistance to killing during infection (77).
ItisuncontroversialtostatethatsomecontributionsofSPI2to
Salmonella virulence are NOX2 independent. The expression of
SPI2-related virulence phenotypes in nonphagocytic cells lacking
thehigh-outputgenerationofROShasbeennotedpreviously(49,
78, 79). However, the observations of Aussel et al. do not exclude
a role for SPI2 in opposing the antimicrobial actions of NOX2.
One limitation of the study by Aussel et al. is the use of a stable
GFP derivative (80), which might not have detected effects of the
SPI2 T3SS on the temporal dynamics of oxidative stress in vivo.
Another concern is the reliance of these investigators on ahpC
expression as an indicator of oxidative stress. AhpC expression is
elicited by low endogenous levels of H2O2, and given that steady-
state H2O2 accumulation is limited, it cannot be assumed that the
ahpC-gfp reporter is capable of sensing enhanced intraphago-
somal H2O2 ﬂuxes in the absence of SPI2, even though oxidative
cellular damage might be increased. In addition to the aforemen-
tionedresearchers(47–50),SuvarnapunyaandSteinusedadiffer-
ent type of biosensor to demonstrate that macrophages inﬂict in-
creased oxidative DNA damage in Salmonella mutants that lack
SPI2 (81). Those authors additionally observed that the timing of
SPI2 expression is dependent on experimental conditions, which
thereby determine the observed relative contribution of SPI2 and
DNA repair to intracellular Salmonella survival. It is also impor-
tanttonotethatthebacterialinoculumsizeusedbyAusseletal.to
infect mice was signiﬁcantly different from the inoculum sizes
usedbyearlierinvestigators.Fortechnicalreasonsrelatingtotheir
novel gfp reporter system, Aussel et al. infected mice with large
bacterial inocula (ca. 104  LD50) that may have overwhelmed
innateimmunedefensesandobscuredaninteractionbetweenthe
SPI2T3SSandNOX2.Afteradministrationoftheselargeinocula,
Aussel et al. observed that most Salmonella cells were contained
within neutrophils, which contrasts with the predominant role of
macrophages when smaller inocula are administered (60). This is
of potential importance because neutrophils generally generate
higher quantities of ROS than macrophages and because it is un-
known whether SPI2 can affect NOX2 trafﬁcking in neutrophils,
whichoccursviaamechanismdifferentfromthatinmacrophages
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and NOX2 used inoculum sizes approximately 1,000-fold lower
than those used by Aussel et al. and Helaine et al. Finally, in com-
parison to the peritoneal or human monocyte-derived macro-
phages used by earlier investigators (47–50), bone marrow-
derived macrophages, which were used by Aussel and Helaine et
al., exhibit reduced anti-Salmonella activity (82). The failure to
observe a signiﬁcant effect of SPI2 on Salmonella killing might
simplyreﬂectthepoorbactericidalactivityofthesecells.Ausselet
al. stimulated their macrophages with PMA, which, as previously
mentioned, targets NOX2 to the plasma membrane rather than
the phagosome (49, 63). Numbers of bacterial CFU were not re-
ported by Aussel et al., so it is unclear how effectively SPI2 pro-
moted intracellular Salmonella survival under these conditions.
Thus, differences in both methodology and interpretation may
contribute to the discrepancies between the recent studies and
earlier observations.
Further experimentation may help to reconcile some of the
present uncertainties. For example, it would be of interest to re-
peat some of the relevant studies using a wider range of inoculum
sizes, cell types, biosensors, gfp derivatives (83), and other exper-
imental conditions to determine which of these variables is most
important. However, one must also consider that the desire for
simple reductionist explanations (84) may be futile when consid-
ering the complex antimicrobial actions of ROS. Experimental
observations in apparent conﬂict might each be valid but also
limited in their relevance to speciﬁc stages or types of host-
pathogen interactions. As the Bob Dylan song (85) goes,
Half of the people can be part right all of the time
Some of the people can be all right part of the time
But all of the people can’t be right all of the time
I think Abraham Lincoln said that.
CONCLUSIONS
ROS can attack diverse targets to exert antimicrobial activity,
which helps to account for their versatility in mediating host de-
fense against a broad range of pathogens. The observable actions
of ROS and the contribution of various microbial antioxidant
strategiestoresistthemarehighlydependentontheexperimental
methods employed. Under certain conditions, ROS may be bac-
teriostatic or bactericidal for Salmonella, may attack extracyto-
plasmic or cytoplasmic targets (in particular iron-sulfur centers
and DNA), and may be opposed by antioxidant enzymes or the
SPI2 T3SS. The experimental conditions most relevant to natural
host-pathogen interactions are presently uncertain. Nevertheless,
availableevidencesuggeststhattheeffectsofhost-derivedROSon
microbial pathogens are complex. Simple explanations regarding
the mechanisms and roles of ROS during infection on the basis of
individual experimental models should be regarded with caution.
ACKNOWLEDGMENTS
I am grateful to Jim Imlay, Andrés Vazquez-Torres, Leigh Knodler, and
Jean Celli for informative discussions and critical feedback. However, the
opinions expressed in this commentary are my own.
This work was supported in part by NIH grants AI39557, AI44486,
AI77629, and AI91966.
REFERENCES
1. Sessions R. 1950. How a “difﬁcult” composer gets that way. In New York
Times Arts and Leisure, p. 89.
2. Baldridge CW, Gerard RW. 1932. The extra respiration of phagocytosis.
Am. J. Physiol. 103:235–236.
3. Sbarra AJ, Karnovsky ML. 1959. The biochemical basis of phagocytosis.
I. Metabolic changes during the ingestion of particles by polymorphonu-
clear leukocytes. J. Biol. Chem. 234:1355–1362.
4. Stähelin H, Suter E, Karnovsky ML. 1956. Studies on the interaction
between phagocytes and tubercle bacilli. I. Observations on the metabo-
lism of guinea pig leucocytes and the inﬂuence of phagocytosis. J. Exp.
Med. 104:121–136.
5. Iyer GYN, Islam MF, Quastel JH. 1961. Biochemical aspects of phago-
cytosis. Nature 192:535–541.
6. Babior BM. 1978. Oxygen-dependent microbial killing by phagocytes
(ﬁrst of two parts). N. Engl. J. Med. 298:659–668.
7. Babior BM. 1978. Oxygen-dependent microbial killing by phagocytes
(second of two parts). N. Engl. J. Med. 298:721–725.
8. Nauseef WM. 2004. Assembly of the phagocyte NADPH oxidase. His-
tochem. Cell Biol. 122:277–291.
9. Dinauer MC. 2005. Chronic granulomatous disease and other disorders
of phagocyte function. Hematology Am. Soc. Hematol. Educ. Program
2005:89–95.
10. van den Berg JM, et al. 2009. Chronic granulomatous disease: the Euro-
pean experience. PLoS One 4:e5234.
11. Winkelstein JA, et al. 2000. Chronic granulomatous disease. Report on a
national registry of 368 patients. Medicine (Baltimore) 79:155–169.
12. Pollock JD, et al. 1995. Mouse model of X-linked chronic granulomatous
disease, an inherited defect in phagocyte superoxide production. Nat.
Genet. 9:202–209.
13. Fenton HJH. 1894. Oxidation of tartaric acid in the presence of iron. J.
Chem. Soc. 65:899–910.
14. Haber F, Weiss J. 1932. Über die katalyse des hydroperoxydes. Naturwis-
senschaften 20:948–950.
15. Keyer K, Gort AS, Imlay JA. 1995. Superoxide and the production of
oxidative DNA damage. J. Bacteriol. 177:6782–6790.
16. Keyer K, Imlay JA. 1996. Superoxide accelerates DNA damage by elevat-
ing free-iron levels. Proc. Natl. Acad. Sci. U. S. A. 93:13635–13640.
17. Imlay JA. 2008. Cellular defenses against superoxide and hydrogen per-
oxide. Annu. Rev. Biochem. 77:755–776.
18. Lanza F. 1998. Clinical manifestation of myeloperoxidase deﬁciency. J.
Mol. Med. 76:676–681.
19. Lehrer RI, Cline MJ. 1969. Leukocyte myeloperoxidase deﬁciency and
disseminated candidiasis: the role of myeloperoxidase in resistance to
Candida infection. J. Clin. Invest. 48:1478–1488.
20. Segal AW, Coade SB. 1978. Kinetics of oxygen consumption by phago-
cytosing human neutrophils. Biochem. Biophys. Res. Commun. 84:
611–617.
21. Nathan CF, Root RK. 1977. Hydrogen peroxide release from mouse
peritonealmacrophages:dependenceonsequentialactivationandtrigger-
ing. J. Exp. Med. 146:1648–1662.
22. Winterbourn CC, Hampton MB, Livesey JH, Kettle AJ. 2006. Modeling
the reactions of superoxide and myeloperoxidase in the neutrophil
phagosome: implications for microbial killing. J. Biol. Chem. 281:
39860–39869.
23. Wang W, et al. 2011. The Moraxella catarrhalis nitric oxide reductase is
essential for nitric oxide detoxiﬁcation. J. Bacteriol. 193:2804–2813.
24. Brunelli L, Crow JP, Beckman JS. 1995. The comparative toxicity of
nitricoxideandperoxynitritetoEscherichiacoli.Arch.Biochem.Biophys.
316:327–334.
25. PacelliR,etal.1995.Nitricoxidepotentiateshydrogenperoxide-induced
killing of Escherichia coli. J. Exp. Med. 182:1469–1479.
26. Woodmansee AN, Imlay JA. 2003. A mechanism by which nitric oxide
accelerates the rate of oxidative DNA damage in Escherichia coli. Mol.
Microbiol. 49:11–22.
27. Reeves EP, et al. 2002. Killing activity of neutrophils is mediated through
activation of proteases by K ﬂux. Nature 416:291–297.
28. Ahluwalia J, et al. 2010. Retraction. The large-conductance Ca(2)-
activated K() channel is essential for innate immunity. Nature 468:
122.
29. Huang J, et al. 2009. Activation of antibacterial autophagy by NADPH
oxidases. Proc. Natl. Acad. Sci. U. S. A. 106:6226–6231.
30. YangCS,etal.2009.NADPHoxidase2interactionwithTLR2isrequired
for efﬁcient innate immune responses to mycobacteria via cathelicidin
expression. J. Immunol. 182:3696–3705.
Perspective
4
® mbio.asm.org September/October 2011 Volume 2 Issue 5 e00141-1131. ImlayJA,LinnS.1988.DNAdamageandoxygenradicaltoxicity.Science
240:1302–1309.
32. Galhardo RS, Almeida CE, Leitão AC, Cabral-Neto JB. 2000. Repair of
DNA lesions induced by hydrogen peroxide in the presence of iron chela-
tors in Escherichia coli: participation of endonuclease IV and Fpg. J. Bac-
teriol. 182:1964–1968.
33. Lloyd DR, Carmichael PL, Phillips DH. 1998. Comparison of the for-
mation of 8-hydroxy-2=-deoxyguanosine and single- and double-strand
breaks in DNA mediated by Fenton reactions. Chem. Res. Toxicol. 11:
420–427.
34. Imlay JA. 2006. Iron-sulphur clusters and the problem with oxygen. Mol.
Microbiol. 59:1073–1082.
35. Ammendola S, et al. 2008. Regulatory and structural differences in the
Cu,Zn-superoxidedismutasesofSalmonellaentericaandtheirsigniﬁcance
for virulence. J. Biol. Chem. 283:13688–13699.
36. Buchmeier NA, et al. 1995. DNA repair is more important than catalase
for Salmonella virulence in mice. J. Clin. Invest. 95:1047–1053.
37. Fang FC, et al. 1999. Virulent Salmonella typhimurium has two periplas-
mic Cu, Zn-superoxide dismutases. Proc. Natl. Acad. Sci. U. S. A. 96:
7502–7507.
38. Hébrard M, Viala JP, Méresse S, Barras F, Aussel L. 2009. Redundant
hydrogen peroxide scavengers contribute to Salmonella virulence and ox-
idative stress resistance. J. Bacteriol. 191:4605–4614.
39. Horst SA, et al. 2010. Thiol peroxidase protects Salmonella enterica from
hydrogen peroxide stress in vitro and facilitates intracellular growth. J.
Bacteriol. 192:2929–2932.
40. Robbe-Saule V, Coynault C, Ibanez-Ruiz M, Hermant D, Norel F. 2001.
Identiﬁcation of a non-haem catalase in Salmonella and its regulation by
RpoS (sigmaS). Mol. Microbiol. 39:1533–1545.
41. Tsolis RM, Bäumler AJ, Heffron F. 1995. Role of Salmonella typhimu-
rium Mn-superoxide dismutase (SodA) in protection against early killing
by J774 macrophages. Infect. Immun. 63:1739–1744.
42. Liochev SI, Fridovich I. 1994. The role of O2· in the production of HO·:
in vitro and in vivo. Free Radic. Biol. Med. 16:29–33.
43. De Groote MA, et al. 1997. Periplasmic superoxide dismutase protects
Salmonella from products of phagocyte NADPH-oxidase and nitric oxide
synthase. Proc. Natl. Acad. Sci. U. S. A. 94:13997–14001.
44. Velayudhan J, Castor M, Richardson A, Main-Hester KL, Fang FC.
2007. The role of ferritins in the physiology of Salmonella enterica sv.
Typhimurium: a unique role for ferritin B in iron-sulphur cluster repair
and virulence. Mol. Microbiol. 63:1495–1507.
45. Halsey TA, Vazquez-Torres A, Gravdahl DJ, Fang FC, Libby SJ. 2004.
The ferritin-like Dps protein is required for Salmonella enterica serovar
Typhimurium oxidative stress resistance and virulence. Infect. Immun.
72:1155–1158.
46. Wolf SG, et al. 1999. DNA protection by stress-induced biocrystalliza-
tion. Nature 400:83–85.
47. Gallois A, Klein JR, Allen LA, Jones BD, Nauseef WM. 2001. Salmonella
pathogenicity island 2-encoded type III secretion system mediates exclu-
sion of NADPH oxidase assembly from the phagosomal membrane. J.
Immunol. 166:5741–5748.
48. Vázquez-Torres A, Fantuzzi G, Edwards CK, III, Dinarello CA, Fang
FC. 2001. Defective localization of the NADPH phagocyte oxidase to
Salmonella-containing phagosomes in tumor necrosis factor p55
receptor-deﬁcient macrophages. Proc. Natl. Acad. Sci. U. S. A. 98:
2561–2565.
49. Vazquez-Torres A, et al. 2000. Salmonella pathogenicity island
2-dependent evasion of the phagocyte NADPH oxidase. Science 287:
1655–1658.
50. Berger SB, et al. 2010. SLAM is a microbial sensor that regulates bacterial
phagosome functions in macrophages. Nat. Immunol. 11:920–927.
51. Chakravortty D, Hansen-Wester I, Hensel M. 2002. Salmonella patho-
genicity island 2 mediates protection of intracellular Salmonella from re-
active nitrogen intermediates. J. Exp. Med. 195:1155–1166.
52. Casbon AJ, Allen LA, Dunn KW, Dinauer MC. 2009. Macrophage
NADPH oxidase ﬂavocytochrome B localizes to the plasma membrane
andRab11-positiverecyclingendosomes.J.Immunol.182:2325–2339.
53. Smith AC, Cirulis JT, Casanova JE, Scidmore MA, Brumell JH. 2005.
InteractionoftheSalmonella-containingvacuolewiththeendocyticrecy-
cling system. J. Biol. Chem. 280:24634–24641.
54. Hyslop PA, et al. 1995. Hydrogen peroxide as a potent bacteriostatic
antibiotic: implications for host defense. Free Radic. Biol. Med. 19:31–37.
55. Imlay JA, Linn S. 1986. Bimodal pattern of killing of DNA-repair-
defective or anoxically grown Escherichia coli by hydrogen peroxide. J.
Bacteriol. 166:519–527.
56. Almirón M, Link AJ, Furlong D, Kolter R. 1992. A novel DNA-binding
protein with regulatory and protective roles in starved Escherichia coli.
Genes Dev. 6:2646–2654.
57. Husain M, et al. 2008. Nitric oxide evokes an adaptive response to oxi-
dative stress by arresting respiration. J. Biol. Chem. 283:7682–7689.
58. Mastroeni P, et al. 2000. Antimicrobial actions of the NADPH phagocyte
oxidaseandinduciblenitricoxidesynthaseinexperimentalsalmonellosis.
II.Effectsonmicrobialproliferationandhostsurvivalinvivo.J.Exp.Med.
192:237–248.
59. Vazquez-Torres A, Jones-Carson J, Mastroeni P, Ischiropoulos H, Fang
FC. 2000. Antimicrobial actions of the NADPH phagocyte oxidase and
induciblenitricoxidesynthaseinexperimentalsalmonellosis.I.Effectson
microbial killing by activated peritoneal macrophages in vitro. J. Exp.
Med. 192:227–236.
60. Richter-Dahlfors A, Buchan AM, Finlay BB. 1997. Murine salmonellosis
studiedbyconfocalmicroscopy:Salmonellatyphimuriumresidesintracel-
lularly inside macrophages and exerts a cytotoxic effect on phagocytes in
vivo. J. Exp. Med. 186:569–580.
61. Berton G, Gordon S. 1983. Superoxide release by peritoneal and bone
marrow-derived mouse macrophages. Modulation by adherence and cell
activation. Immunology 49:693–704.
62. Wozencraft AO, Croft SL, Sayers G. 1985. Oxygen radical release by
adherent cell populations during the initial stages of a lethal rodent ma-
larial infection. Immunology 56:523–531.
63. Li XJ, Marchal CC, Stull ND, Stahelin RV, Dinauer MC. 2010.
p47phox Phox homology domain regulates plasma membrane but not
phagosome neutrophil NADPH oxidase activation. J. Biol. Chem. 285:
35169–35179.
64. Gondwe EN, et al. 2010. Importance of antibody and complement for
oxidative burst and killing of invasive nontyphoidal Salmonella by blood
cells in Africans. Proc. Natl. Acad. Sci. U. S. A. 107:3070–3075.
65. Barton CH, Whitehead SH, Blackwell JM. 1995. Nramp transfection
transfers Ity/Lsh/Bcg-related pleiotropic effects on macrophage
activation: inﬂuence on oxidative burst and nitric oxide pathways. Mol.
Med. 1:267–279.
66. Taylor PD, Inchley CJ, Gallagher MP. 1998. The Salmonella typhi-
murium AhpC polypeptide is not essential for virulence in BALB/c
mice but is recognized as an antigen during infection. Infect. Immun.
66:3208–3217.
67. Craig M, Slauch JM. 2009. Phagocytic superoxide speciﬁcally damages
an extracytoplasmic target to inhibit or kill Salmonella.P L o SO n e
4:e4975.
68. Valentine PJ, Devore BP, Heffron F. 1998. Identiﬁcation of three highly
attenuated Salmonella typhimurium mutants that are more immunogenic
and protective in mice than a prototypical aroA mutant. Infect. Immun.
66:3378–3383.
69. Kuzminov A. 1999. Recombinational repair of DNA damage in Esche-
richia coli and bacteriophage lambda. Microbiol. Mol. Biol. Rev. 63:
751–813.
70. Pacello F, et al. 2008. Periplasmic Cu,Zn superoxide dismutase and cy-
toplasmicDpsconcurinprotectingSalmonellaentericaserovarTyphimu-
rium from extracellular reactive oxygen species. Biochim. Biophys. Acta
1780:226–232.
71. Buchmeier NA, Lipps CJ, So MY, Heffron F. 1993. Recombination-
deﬁcientmutantsofSalmonellatyphimuriumareavirulentandsensitiveto
the oxidative burst of macrophages. Mol. Microbiol. 7:933–936.
72. Suvarnapunya AE, Lagasse HA, Stein MA. 2003. The role of DNA base
excision repair in the pathogenesis of Salmonella enterica serovar Typhi-
murium. Mol. Microbiol. 48:549–559.
73. Schapiro JM, Libby SJ, Fang FC. 2003. Inhibition of bacterial DNA
replication by zinc mobilization during nitrosative stress. Proc. Natl.
Acad. Sci. U. S. A. 100:8496–8501.
74. Richardson AR, et al. 2009. The base excision repair system of Salmonella
enterica serovar Typhimurium counteracts DNA damage by host nitric
oxide. PLoS Pathog. 5:e1000451.
75. Aussel L, et al. 2011. Salmonella detoxifying enzymes are sufﬁcient to
cope with the host oxidative burst. Mol. Microbiol. 80:628–640.
76. Slauch JM. 2011. How does the oxidative burst of macrophages kill bac-
teria? Still an open question. Mol. Microbiol. 80:580–583.
77. Helaine S, et al. 2010. Dynamics of intracellular bacterial replication at
the single cell level. Proc. Natl. Acad. Sci. U. S. A. 107:3746–3751.
Antimicrobial Actions of ROS
September/October 2011 Volume 2 Issue 5 e00141-11
® mbio.asm.org 578. Cirillo DM, Valdivia RH, Monack DM, Falkow S. 1998. Macrophage-
dependent induction of the Salmonella pathogenicity island 2 type III
secretion system and its role in intracellular survival. Mol. Microbiol. 30:
175–188.
79. Stein MA, Leung KY, Zwick M, Garcia-del Portillo F, Finlay BB. 1996.
Identiﬁcation of a Salmonella virulence gene required for formation of
ﬁlamentous structures containing lysosomal membrane glycoproteins
within epithelial cells. Mol. Microbiol. 20:151–164.
80. Cormack BP, Valdivia RH, Falkow S. 1996. FACS-optimized mutants of
the green ﬂuorescent protein (GFP). Gene 173:33–38.
81. Suvarnapunya AE, Stein MA. 2005. DNA base excision repair potentiates
the protective effect of Salmonella Pathogenicity Island 2 within macro-
phages. Microbiology 151:557–567.
82. Buchmeier NA, Heffron F. 1989. Intracellular survival of wild-type Sal-
monella typhimurium and macrophage-sensitive mutants in diverse pop-
ulations of macrophages. Infect. Immun. 57:1–7.
83. Andersen JB, et al. 1998. New unstable variants of green ﬂuorescent
proteinforstudiesoftransientgeneexpressioninbacteria.Appl.Environ.
Microbiol. 64:2240–2246.
84. Fang FC, Casadevall A. 2011. Reductionistic and holistic science. Infect.
Immun. 79:1401–1404.
85. DylanB.1963.Talkin’WorldWarIIIblues.WarnerBros.Inc.,Burbank,CA.
Perspective
6
® mbio.asm.org September/October 2011 Volume 2 Issue 5 e00141-11